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1. Introduction

The AFGL-701-2/Dosimeter and AFGL-701-4/HEEF (High Energy
Electron Fluxmeter) were launched aboard the CRRES spacecraft on
July 25, 1990. The Dosimeter is designed to measure radiation
doses from electrons and protons behind four (4) different
thicknesses of aluminum shielding, while HEEF is designed to
measure the differential electron flux in the range of 1 to 10 MeV.
HEEF also has some response to electrons above about 0.3 MeV, but
this low energy range cannot distinguish electrons from other low
energy particles such as protons. The instruments have been
described in detail in Reference 1.

The Dosimeter data reduction procedures are described in
Section 2, while the HEEF data reduction procedures are described
in Section 3. Section 3 also contains the results of additional
electron calibration and high intensity beta source tests of HEEF
SN/2. Some reduced in-orbit data from CRRES are given in Section
4. Section 5 contains the results of coincidence pulse width
changes made to the BGO signal in the backup HEEF, which produces
a much higher detection efficiency at low temperatures. Additional
modifications which can be made to HEEF to reduce the mass and to
shield the front SSD from some of the lower energy electrons are
also discussed in Section 5.

2. AFGL-701-2/Dosimeter Data Reduction
2.1 General Method for Data Analysis Procedures

The Dosimeter data format and calibration factors have been
given in References 1 and 2. An isometric, cross-sectional view of
the Dosimeter is given in Figure 1, while the dome and detector
properties are summarized in Table 1. All domes have a LOLET
energy deposit range of 0.05 - 1.0 MeV and a HILET range of 1.0 -
10.0 MeV, while the VHLET (nuclear Star) thresholds are as listed
in Table 1. The resulting nominal particle energy detection ranges
are listed in Table 2, with the VHLET proton energies being the
minimum possible to produce a VHLET count.

Table 1: Summary of Dosimeter Dome and Detector Properties
Aluminum Shield Detector VHLET
Dome E Loss
No. (mils) (g/cm?) Area Thickness (MeV)

(cm?) (microns)

1 82.5 0.57 0.00815 403 40

2 232.5 1.59 0.0514 434 40

3 457.5 3.14 0.0514 399 40

4 886.5 6.08 1.000 406 75







Table 2: Dosimeter Particle Energy Detection Ranges
LOLET Particles HILET— VHLET
Dome Protons Protons
No. Electrons Protons (MeV) (MeV)
(MeV) (MeV)
1 >1.0 >130 20 - 130 >46
2 >2.5 >135 35 - 135 >56
3 >5.0 >140 51 - 140 >69
4 >10.0 >155 75 - 155 >111

The electron response of the LOLET flux channels has been
calibrated at accelerators, and was summarized in Reference 2. The
energy dependent electron geometric factors for dome n, in cm?-sr,
are given by the equation

Geen (E) = 0 E/T, < 1

1 s E/T, =3 (2.1)

7.38 x A x (1 - T,/E)

]

4.92 x Ay E/T, = 3

with the calibrated coefficients being listed in the last two
columns of Table 3. The proton geometric factors are to first
order given by 7 x A cm®-sr, with A being the SSD area in column 2
of Table 3. The proton energy responses vary with the angle of
incidence because of the change in path length in the SSD sensitive
volume, so the ranges in Table 2 are approximate averages, as are
the nominal geometric factors. The remaining items in Table 3 are
the prescale factors for the proton (HILET) flux counters, and for
the dose counters (electron = LOLET; proton = HILET).

Table 3: Dosimeter Geometric Factor Data

Dose Prescalers Calib. Electron

Dome SSD Proton G¢. Constants

No A (cm?) flux

prescale Electron | Proton T, Am%

(K,) (K,) (MeV) (cm®)
1 0.00815 1 8192 256 1.0 0.017
2 0.0514 1 8192 1024 2.5 0.075
3 0.0514 1 8192 512 5.0 0.067
4 1.000 8 16384 8192 10.0 0.888




The dosimeter telemetry output consists of 36-bits of data per
second, with the four domes cycling through once every 4 seconds.
The outputs cycle through 1 NORM A set followed by 15 NORM B sets
for a total 64-second cycle for all four domes. A calibration mode
is used to shift the LOLET energy loss range to 1-3 MeV and the
HILET energy loss range to 3-10 MeV, for measurement of a degraded
alpha source during low ambient particle flux periods. The 36-bit
data format is listed in Table 4.

The Calibration Mode (CAL MODE) data are all straight binary
counters, with the U and L dose and flux counts being compared with
pre-launch values to verify SSD total depletion and proper gain.
The CAL MODE data are thus only reliable when the ambient particle
fluxes are negligible. The NORM MODE data (A and B for a complete
set) are used to provide the normal ambient particle data. The
fluxes are given by E x M compression counters, with the minimum

input count being given by
Cpin = M x 2F (2.2)

The electron (LOLET) flux counters are E x M = 4 x 4, while the
proton (HILET) flux counters are E x M = 5 x 3. The channel 4
HILET flux has a prescale of 8, as shown in Table 3. The star
(VHLET) counters are straight binary.

The LOLET and HILET dose counters provide an accumulated total
dose count of

28 - 1 (2.3)

16 n + R + 16 M 2E, Es<7; 0 <
7; 0 s n = 127

D <
16 n + R + 16 (M + 8(E-7)) x 128, E

n
>

where E is the exponent read out in the NORM A mode, M = m4 m3 m2
ml is the summed mantissa from the NORM A and B modes, and R is the
4-bit ripple counter from the NORM B mode. The R counter overflow
number, n, must be determined by counting R overflows from the
preceding E increment. For periods where the dose rate is high
enough to result in overflows in R for each readout, it is best to
keep a running average of the ratio of R to particle flux, and use
this to calculate the number of R overflows in each readout. The
overflow count can be checked at the next mantissa increment, since
there must be a total of 2F overflows for a mantissa increment.

The dose prescalers listed in Table 3 are used to derive the
actual energy deposit in the SSD’s in terms of keV/(flux count).
The dose count calibration factors, in Rads(Si)/(output dose count
= D), and the average energy (keV) per dose pulse, are listed in
Table 5. Note that the output dose count D is used directly to get
the Rads (Si) doses (or dose increments), while the dose prescalers
in Table 3 must be used along with the dose D to get the keV dose
and dose increment. The keV dose increment is then divided by the
flux count to get the keV/(flux count) value. This last value can
be of use in distinguishing LOLET doses that are from electrons,
from high energy protons, and from bremsstrahlung.




Table 4: Dosimeter Telemetry Bit Data Assignment

Bit Meaning _
1 Normal Mode ID: 0 = NORM A MODE; 1 = NORM B MODE
2 Cal Mode ID: 0 = NORM A or B MODE; 1 = CAL MODE
3 Channel (Dome) ID: 0 = Channel 2, 3, or 4; 1 =
Channel 1
NORM A MODE NORM B MODE CAL MODE
Bits 1-3 = 00X Bits 1-3 = 10X Bits 1-3 = X1X
Bits Meaning Bits Meaning Bits Meaning
4-7 P dose/E 4-5 P dose/m2,ml1 | 4-11 | U CAL dose
8-9 P dose/m4,m3 6-9 P dose/R 12-19 | L. CAL dose
10-13 E dose/E 10-11 | E dose/m2,ml 20 Star flux
14-15 E dose/m4,m3 12-15 E dose/R 21-28 | U CAL flux
16-20 Star flux 16-20 Star flux 29-36 | L CAL flux
21-23 P flux/E 21-23 P flux/E
24-28 P flux/M 24-28 P flux/M
29-32 E flux/E 29-32 E flux/E
33-36 E flux/M 33-36 E flux/M

Table 5: Dose Calibration Factors for the CRRES Dosimeter

Dose Calibration Factors SSD Calibration

Channel Rads (Si) / (output count) keV/ (dose pulse)
(Dome) Electron Proton LOLET HILET
1 1.18x107? 3.24x1073 68.7 604.

2 1.85x107° 1.93x10°3 72.9 607.

3 1.16x1073 1.04x107° 67.2 601.

4 2.00x10™ 8.30x107* 72.0 597.




The Dosimeter also has a weak response to low energy electrons

from bremsstrahlung production.

The bremsstrahlung response for

the DMSP/F7 Dosimeter were calculated approximately and given in
The Reference 7 calculations can be

Appendix A of Reference 7.

adjusted to the CRRES Dosimeter by multiplying the Reference 7
responses by the ratio of the CRRES and DMSP/F7 SSD areas for the
The CRRES Dosimeter bremsstrahlung responses

dome in question.

have also been calculated in Reference 8, which used a Monte Carlo

integration code.

The calculated results from References 7 and 8

are in reasonable agreement, and are summarized in Table 6.

Table 6: Calculated CRRES Dosimeter Electron Bremsstrahlung Responses
g P
E. Gompi  (CM?) G (cm? sr) 4T Gopn; AE,, AE,.q
Dome (MeV) Ref. 8 G (keV) (keV)
Ref. 7 CRRES (CRRES) (Ref. 7) (Ref. 8)
1 0.2 1.26x10°7 | 2.00x10°® 2.45x1077 1.03 68. 83.
1 0.3 2.30x1077 | 3.65x10"® 5.76x1077 0.80 71. 84.
1 0.5 4.85x1077 | 7.69x10°® 1.58x10°° 0.61 81. 83.
1 1.0 1.21x10°¢ | 1.92x1077 9.12x10°%" 0.026" 96. 88.
2 0.2 2.15x107% | 1.11x1077 7.98x1077 1.75 69. 71.
2 0.3 3.98x10°° | 2.05x1077 2.00x10°¢ 1.29 72. 73.
2 0.5 8.58x10°% | 4.41x1077 5.17x10°° 1.07 82. 78.
2 1.0 2.20x107% | 1.13x10°° 1.98x10°5 0.72 98. 94 .
3 0.2 1.71x10°% | 8.79x10°8 3.56x1077 3.10 69. 77.
3 0.3 3.27x10°¢ | 1.68x1077 2.89x107¢ 0.73 73. 84 .
3 0.5 7.29%10°° | 3.75%x10°7 6.65%x10°¢ 0.71 85. 92.
3 1.0 1.94x10°5 | 9.97x1077 1.89%x10°° 0.66 101. 102.
4 0.2 1.10x10°% | 1.10x10°¢ 5.59%x10°¢ 2.47 71. 88.
4 0.3 2.22x107% | 2.22x10°° 1.26x10°5 2.21 75. 91.
4 0.5 5.33x10°¢ | 5.33x10°° 4.54x10°° 1.48 89. 94.
4 1.0 1.52x10°° | 1.52x10°® 2.11x10°* 0.91 107. 109.
* The Reference 8 response includes some direct electron penetration, and so
is larger than the pure bremsstrahlung calculations of Reference 7.
g

2.2

The

electron

fluxes

Dosimeter Deadtime Corrections

below

substantially near CRRES orbit 600,
Dosimeter channel 1 sometimes having a count rate high enough to
produce significant deadtime effects.
that had been expected from pre-launch calculations was about 7%,
4.5 on orbit 600 give a deadtime correction

but data from L
factor of about 1.65.

and

near

1 MeV

increased

and this resulted in the

The maximum deadtime effect

The following method allows the Dosimeter

data to be corrected for the deadtime effects for all flux count

6




For a given readout from the Dosimeter there are four (4)
numbers that are required: ;

\

|

|

|

and delta-dose readouts, and is applicable to all channels.
C;e = the LOLET (electron) flux count
C;, = the HILET (proton) flux count

D4, = the LOLET (electron) delta dose count

-
o
]

the HILET (proton) delta dose count

The count time interval DT is fixed at 4 seconds for each channel.
From the above the following count rates are calculated:

Ree = Cee / DT

Rf = Cfp / DT

(2.4)
Rge = Dgo / DT
Ry = Dg / DT
The deadtime fraction is then calculated from
T, = [11 x (Ree + Rg) + Ko X Rge + K, X Ryl x 107° (2.5)
and the deadtime correction factor from
Fee = 1/ (1 - Ty (2.6)

The deadtime corrected counts (or count rates) are then
calculated from

Cfe,cr = Cfe X th

Cfp,cr = Cfp X th
(2.7)
Dde,cr = Dde X th
de,cr = Dd x th
Note that the total dose increments must be added to give the
true total dose accumulation, since the dosimeter total dose
numbers will not be incremented correctly because of the deadtime
factor F,; being larger than 1. The dose prescale factors K, and K,
used in the above equation are given in Table 3. Note that the
proton flux count Cg for channel 4 has a prescale of 8, and this
must be used for the channel 4 deadtime calculations. In practice,
however, only channel 1 shows a significant deadtime effect and is
the only channel which need be corrected.

An example of the effect is given in orbit 600, at L = 4.48,
for a UT range of 14657 to 14694 seconds. The channel 1 average

7




count outputs are

Cse = 110592., R, = 27648. s -
Cep = 39.6, Ryp = 9.9 s7 |
(2.8)

D4 = 43.0, Rge = 10.75 st

Dy = 0.4, Ry = 0.1 s™
which give

Ty = 0.3923 (2.9)
and

Fg = 1.646 (2.10)

This is a significant deadtime factor, and must be used to provide
better flux and delta dose values for channel 1. The delta dose
values must then be summed to provide the true corrected total dose
for channel 1, both LOLET and HILET.

3. AFGL-701-4/HEEF Calibration and Data Reduction

3.1 Description of HEEF

A schematic cross-sectional view of HEEF is given in Figure 2,
which shows the geometrical arrangement of the two solid state
detectors (SSD’s) and the Bismuth Germanate (BGO) scintillator.
The anti-coincidence plastic scintillator surrounds the electron
energy-measuring BGO scintillator to eliminate any particles which
exit the BGO without losing all of their energy. Normal HEEF
operation requires a triple coincidence between the two SSD’s and
the BGO, and an anti-coincidence with the plastic scintillator.
The energy loss curves for electrons and protons in the SSD’s and
BGO have been plotted in Reference 1.

The SSD pulse amplitudes required for the several single count
outputs are listed in Table 7. These counts are telemetered as
part of the HEEF data to verify instrument operation and to allow
correction for deadtime effects when necessary. The nominal
particle responses neglect the spread in the energy loss of the
particles, particularly the electrons.
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Figure 2.

Schematic Cross-sectional View of HEEF.




Table 7: HEEF Solid State Detector Energy Losses
Primary Energy
Channel and Count SSD Energy Response (MeV)
SSD Designation | Loss (MeV) Electrons Protons
>S2, Front SSD S2F >0.80 - 4.2-130
>S1, Front SSD S1F >0.50 -—- 4.1-270
W1, Front SSD W1iF 0.13-0.50 >0.2 >270
W2, Front SSD W2F 0.13-0.80 >0.2 >130
>S2, Back SSD S2B >0.80 -—- 11.2-130
>S1, Back SSD S1B >0.50 --- 11.1-270
W1, Back SSD W1B 0.13-0.50 >0.5 >270
W2, Back SSD W2B 0.13-0.80 >0.5 >130

The primary electron channel response from the triple
coincidence mode is given in Table 8. This response is for when
the BGO scintillator gain is set correctly, and shifts for
different gains. The "Count Designation" in Tables 7 and 8 give
the abbreviated notations used in this report for the telemetered
count data from HEEF. Table 8 1lists the triple coincidence
requirements for the electron channels. Note that the four (4)
lowest energy channels use the W2F/W2B SSD windows, while the
higher energy channels use the W1F/W1B SSD windows. The L10C
channel is an integral response channel for electrons above 10 MeV
and protons above about 270 MeV. The listed primary energy
responses are nominal values based on the energy loss calculations
for the particles in question.

3.2 Calibration with Electrons at a Van de Graaff Accelerator

The HEEF SN/2 was calibrated at a Van de Graaff accelerator
located in building N10 at MIT. The calibration went up to about
3 MeV, with the beam having a reasonably broad irradiation area and
a narrow energy range. This provided a more reliable calibration
than those of HEEF SN/1 at the NASA/GSFC Van de Graaff and at the
RADC Linear Accelerator (References 3, 4).

3.2.1 Set-up and Data Analysis Method

The geometry of the calibration set-up at the MIT Van de
Graaff is shown in Figure 3. The HEEF SN/2 was positioned on a
rotating table about 25 inches from the exit window of the 90°
analyzing magnet vacuum pipe, with two monitor detectors M1 and M2
positioned as shown. The monitor detectors had precise collimators
to measure the true electron beam intensity. Since the monitors
were placed at the sides and in front of HEEF, a correction had to
be made for the electron beam intensity distribution in both
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Table 8: HEEF Primary Channel Energies
BGO Channels Primary Energy
and SSD Count BGO Energy Response (MeV)
Coincidences Designation | Loss (MeV)
Electrons Protons
LL-L1/W2F/W2B LL 0.44-0.96 1.0-1.5 ---
L1-L2/W2F/W2B Ll 0.96-1.46 1.5-2.0 ---
L2-L3/W2F/W2B L2 1.46-1.96 2.0-2.5 -
L3-L4/W2F/W2B L3 1.96-2.45 2.5-3.0 -
L4-L5/W1F/W1B L4 2.45-2.95 3.0-3.5 -
L5-L6/W1F/W1B L5 2.95-3.44 3.5-4.0 -
L6-L7/W1F/W1B L6 3.44-4 .43 4.0-5.0 ---
L7-L8/W1F/W1B L7 4.43-5.42 5.0-6.0 -
L8-L9/W1F/W1B L8 5.42-7.41 6.0-8.0 ---
L9-L10/W1F/W1B LS 7.41-9.40 8.0-10.0 -——
>L10/W1F/W1B L1oC >9.40 >10.0 >270
distance and angle. The corrections were derived from beam scans
made with M2, some of which were made with M1 located just in front
of the HEEF aperture. The electronics configuration is shown in

Figure 4, with HEEF rotations, M2 scans, and data recording all
being done outside the beam room. HEEF data and the M1 and M2 SCA
(Single Channel Analyzer - integral threshold above 175 keV) counts
were recorded simultaneously to avoid problems from beam intensity
variations. Detector spectra (M1, M2, SSDF, SSDB, and BGO) were
taken periodically during the calibration to provide beam
monitoring and energy measurement, as well as to provide data on
the electron energy loss spectra in the various detectors.

The Van de Graaff energy was set by using the reading of a
digital panel meter on the control console. The beam energy in MeV
is nominally twice the reading of the panel meter. The nominal
electron beam energy was calibrated using the full-energy loss
peaks in M1 and M2. Since M2 was 1500 microns thick (Figure 3) it
gave a discernable full-energy peak even for the nominal 3.0 MeV
beam. The internal (vacuum) electron energy is degraded by energy
loss in the 3-mil thick Al vacuum window after the 90° analyzing
magnet, and by the various air paths to M1 (d1), M2 (d2), and HEEF
(df) (M2 also has a 0.3-mil thick Al light shield). The HEEF SN/2
electron calibrations were made during a series of runs that
involved moving and then repositioning the set-up in the electron
beam to allow other Van de Graaff uses between run sets. Table 9
summarizes the run sets made, along with the detector distances
shown in Figure 3. The HEEF SN/2 data file name listed is for the
data recorded by the GSE computer. The monitor detector counts for
the various record numbers were written into a Laboratory Notebook
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(FLUX 4 SN/002). MITCAL.001 was a preliminary test verifying beam
control and checking detector responses. The M1 monitor was added
for later runs since it was found that the electron beam intensity
generally varied with time, and M1 is thus needed for normalization
to allow M2 to scan in front of HEEF and make a correct beam

profile scan.

The electron beam energy calibration was made from the M2 MCA
(Multi Channel Analyzer) data taken during the MITCAL.005 runs.
The M2 gain was calibrated with the 477.3 keV Compton edge from the
661.6 keV gamma rays from a weak Cs-137 source. The MCA linearity
and zero pulse height channel were measured using a precision
Research Pulser. The M2 full energy loss peak energy for the
electrons has to be corrected for the energy loss in the Al foils
and the air path. The results are given in the first five columns
of Table 10, for all of the energies used (Tr-Nom is the difference
between the true electron energy in vacuum and the nominal value).
Energy losses. for the electrons were calculated using the tables
for aluminum and air in Reference 6. The data from columns 1 and
5 in Table 10 are plotted in the top part of Figure 5, and have a

best-fit straight line of
(True - Nominal) = -0.0782 x Nominal + 0.1321 (3.1)

The bottom part of Figure 5 shows the same type of data taken
during the Dosimeter calibrations in September, 1992, and show that
this Van de Graaff energy calibration is reasonably stable, since

the fit for these data is

(True - Nominal) = -0.0869 x Nominal + 0.1425 (3.2)

The two fits give the same true electron energy to x1.5 keV over
the nominal energy range of 0.15 to 3.0 MeV (true electron energy

range of 0.12 to 2.90 MeV).

The last two columns in Table 10 give the best fit results for
the true electron energy in vacuum, and the effective electron
energy for HEEF SN/2 at the 28.25 inch position (the effective
average air path length for the HEEF SSDF, SSDB and BGO detectors
is about 29 inches). The effective HEEF electron energies in Table
10 are suitable for all of the HEEF MIT data except the MITCAL.O001
data, which latter have not been used for the geometric factor

calculations.

The electron beam intensity profile was obtained from the M2
scans for most of the energies used. The electrons scatter in the
3 mil Al vacuum window and in the air path to the detectors. The
M2 scan data show that the dominant result is a 1/d4® variation,
with d (di, d2, or df) being the distance from the vacuum window to

the detector. There is also a profile across the beam which is
centered on the beam axis (HEEF center). The cross-beam profile
varies with energy, being narrower at the higher energies. For

most of the calibration data the M2 monitor was about 13 inches in
front of and 2 inches to the side of HEEF. The scan data showed

12
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\Table 9: Summary of HEEF SN/2 Calibration Run Sets
HEEF SN/2 Air path (inches) to front of . Type of
Data File M1 (d1) M2 (d2) HEEF/SSDF Data taken
MITCAL.OO01 -- 43 56 HEEF/rot; M2/scan
MITCAL.002 25 15.75 28.5 HEEF/rot; M2/scan
MITCAL.003 25 15.75 28.5 HEEF/rot
MITCAL.004 24.75 15.25 28.25 HEEF/rot; M2/scan
MITCAL.QOCS 24 .75 15.25 28.25 HEEF/rot; M2/scan
" 25.25 15.25 -- M2/scan; M1 at HEEF
" 26.5 15.25 28.25 HEEF/coinc; M2/scan

that because of electron scattering in the air, for these data the
HEEF was partially shielded by the M2 mount. The HEEF data were
corrected for this effect by shielding factors derived from the
full M2 scan data by comparing the SSDF and M2 count rates against
the M1 count rate for beam intensity normalization.

The HEEF counts were converted to a calibrated area by

A(cnt) = cnt/ (T, x F.) cm? (3.3)
where

F. = (cnty,/Tyw) x GFy, el/(cm? s) (3.4)
and
GFy, = (d2/df)?/ (A, x (M2/HEEF).; x (M2 shldng fact)) cm™@ (3.5)
with a similar equation for the M1 monitor. The symbols are

defined as (d2, df, and dl are defined in Figure 3 and Table 9)

cnt = sum of HEEF channel counts (S1F, W1F, LL, etc.)

T... = total accumulation time for cnt - usually 8.192 s

cnty, = M2 monitor count

Ty, = time for accumulation of cnt,, - usually 10 s

Ay, = area of collimator for M2 monitor = 0.173 cm?

(M2 /HEEF) .,;, = calibrated scan intensity ratio at M2 vs. HEEF
= 1.059 for M2 at 2 inches off axis (except

taken as = 1.00 for MITCAL.001)
(M2 shldng fact) = calibrated shielding factor of M2 for HEEF

The GF,, and GF,, factors for the data with M2 at 2 inches to
the side of HEEF are listed in Table 11 for M2 and Table 12 for M1.
All HEEF angular rotation data were taken with M2 in this location.
The factors vary with energy as shown. HEEF data were typically
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\Table 10: Electron Energy Calibration for HEEF SN/2 Calibration
Total E Loss (MeV) Meas i Best Fit
Nominal M2 Meas Tr-Nom ’ True Energy (MeV)
(MeV) (MeV) E (MeV)
To M2 To HEEF In Vac At HEEF
0.45 0.423 0.125 0.194 0.098 0.547 0.35
0.55 0.528 0.121 0.192 0.099 0.639 0.45
0.65 0.613 0.117 0.185 0.080 0.731 0.55
0.75 0.701 0.115 0.183 0.066 0.823 0.64
0.85 0.790 0.114 0.181 0.054 0.916 0.74
0.95 0.887 0.114 0.181 0.051 1.008 0.83
1.00 0.943 0.114 0.181 0.057 1.054 0.87
1.05 0.983 0.114 0.181 0.047 1.100 0.92
1.15 1.080 0.114 0.181 0.044 1.192 1.01
1.25 1.177 0.114 0.181 0.041 1.284 1.10
1.35 1.265 0.114 0.181 0.029 1.377 1.20
1.45 1.354 0.114 0.181 0.018 1.469 1.29
1.50 1.402 0.114 0.181 0.016 1.515 1.33
1.55 1.451 0.114 0.181 0.015 1.561 1.38
1.65 1.539 0.115 0.183 0.004 1.653 1.47
1.75 1.628 0.115 0.183 -0.007 1.745 1.56
1.85 1.725 0.115 0.183 -0.010 1.837 1.65
1.95 1.814 0.115 0.183 -0.021 1.930 1.75
2.00 1.862 0.116 0.184 -0.022 1.976 1.78%
2.05 1.902 0.116 0.184 -0.032 2.022 1.84
2.15 1.999 0.117 0.185 -0.034 2.114 1.93
2.25 2.092 0.117 0.185 -0.041 2.206 2.02
2.50 2.321 0.118 0.187 -0.061 2.437 2.25
3.00 2.770 0.121 0.192 -0.109 2.897 2.71

recorded for 2 GSE records of 8 x 0.512 s accumulation time counts,
for a total accumulation time of 8.192 s.

were typically accumulated for 10 s.

calibrated values are listed in Table 13.

The various HEEF channel geometric factors were calculated
from the measured A(H) values (6 is the angle for the cnt used in

the equation above) by

L]

G =735 A(6,) Q(6,)

where

cm? sr
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(M2 shldng fact)

(3.6)




Q(0;) = 2m (cos(6; - A8, /2)

with a6, = 6, -

61-11 A@i+ = ei+1 -0
and for i = max, Af;, = A6,

i--

i-

- COS(@l + A61+/2))

Note that for i

sS¥Y

(3.7)

l, A@i_ =

Table 11: M2 Monitor Calibration Constants for HEEF Data

Nom Electron GFy,, Factor for HEEF Data File MIT+
Energy Range

(MeV) CAL.001 CAL.002 CAL.003 CAL.004 CAL.005
0.45 - 0.65 3.02 1.48 1.48 1.41 1.41
0.75 - 0.85 2.99 1.46 1.46 1.40 1.40
0.95 - 1.15 2.89 1.41 1.41 1.35 1.35
1.25 - 3.00 2.66 1.30 1.30 1.24 1.24

Table 12: M1 Monitor Calibration Constants for HEEF Data

Nom Electron

GF,, Factor for HEEF Data File MIT+

Energy Range

(MeV) CAL.001 CAL.002 CAL.003 CAL.004 CAL.005
0.45 - 0.65 --- 0.507 0.507 0.506 0.506

., 0.75 - 0.85 --- 0.503 0.503 0.502 0.502
0.95 - 1.15 --- 0.486 0.486 0.485 0.485
1.25 - 3.00 --- 0.448 0.448 0.447 0.447

Table 13: M2 Shielding Factor for HEEF

Range (MeV)

Nominal Electron Energy

(M2 shldng fact)

0.55 1.13

' 0.75 1.14
1.00 1.18
1.25 - 3.00 1.28
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3.2.2 .Calibrated Electron Response of HEEF SN/2

The calibration results for HEEF SN/2 for the total BGO PMT
counts (summed over all channels) in the triple coincidence mode is
given in Table 14. Also given is the measured area for SSDF, based
on the M1 and M2 areas normalized for the beam distribution. The
measured SSDF area exceeds the HEEF front collimator area for the
nominal 2.5 and 3.0 MeV beams, but both of these beams were narrow
because of the reduced electron scattering, and both also had some
large beam intensity fluctuations from Van de Graaff dark currents
(the 3.0 MeV beam was especially bad in this regard). The HEEF

Table 14: HEEF SN/2 Calibrated Electron Coincidence Response
Electron Beam PMT total coinc. counts
Enexrgy (MeV) SSDF

A(0°) (cm?)
VvdG Nom Cal/Eff (0.732 max) Area(0°) G Factor
(10™* cm?) (1075 cm? sr)
0.45 0.35 0.173 0.0 0.0
0.55 0.45 0.241 0.0 0.0
0.65 0.55 0.323 0.0 0.0
0.75 0.64 0.391 0.0 0.0
0.85 0.74 0.459 0.0 0.0
1.00 0.87 0.475 0.074 0.278
1.05 0.92 0.512 0.566 1.588
1.15 1.01 0.580 3.23 7.74
1.25 1.10 ' 0.725 11.95 31.7
1.35 1.20 0.638 18.6 42.0
1.45 '1.29 0.657 29.2 69.9
1.50 1.33 0.760 36.3 84.6
1.55 1.38 0.679 38.4 92.2
1.65 1.47 0.689 50.3 115.3
1.75 1.56 0.761 66.8 151.4
1.85 1.65 0.832 86.5 201.
1.95 1.75 0.813 104.6 213.
2.05 1.84 0.756 113.4 261.
2.15 1.93 0.731 128.3 266.
2.25 2.02 0.726 145. 292.
2.50 2.25 1.0927 255./171. 503./337.
3.00 2.71 1.362° 437./232. 772./410.
* The BGO responses have been corrected to an area of 0.732 cm’? for SSDF.
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responses for nominal 2.5 and 3.0 MeV electrons were thus
normalized to give an area for SSDF of 0.732 cm?. The total PMT G
factors for the triple coincidence (summed LL, L1, L2, L3 and L4
counts) are plotted in Figure 6 along with the NASA/GSFC Van de
Graaff and the RADC Linear Accelerator calibration data for HEEF
SN/1 (Reference 3, updated in Reference 4). The calibrations for
HEEF's SN/1 and SN/2 agree well in shape, but the absolute values
differ by about a factor of two.

The measured geometric factors for the triple coincidence
electron channels for HEEF SN/2 are listed in Table 15 and plotted
in Figure 7, which also shows the total geometric factor plotted in
Figure 6. Note that because of the rapid rise of the total
geometric factor up to about 1.5 - 2 MeV, the LL-L1 G-factor is
more like a step function, being nearly flat for energies above 1.3
MeV. Only the higher energy channels have a true peak in the G-
factor. The LL-L1 channel is thus more like an integral channel
for electrons above about 1.1 MeV.

Table 15: Calibrated Electron Channel Geometric Factors for HEEF SN/2

Electron Beam Measured Geometric Factors

Energy (MeV) G (1075 cm? sr)

vdG Nom Cal/Eff LL-L1 L1-L2 L2-1L3 L3-L4 L4-15
1.00 0.87 0.28 0.00 0.00 0.00 0.00
1.05 0.92 1.59 0.00 0.00 0.00 0.00
1.15 1.01 7.74 0.00 0.00 0.00 0.00
1.25 1.10 31.6 0.111 0.00 0.00 0.00
1.35 1.20 40.3 1.73 0.00 0.00 0.00
1.45 1.29 61.4 8.53 0.00 0.00 0.00
1.50 1.33 72.5 12.1 0.00 0.00 0.00
1.55 1.38 65.3 26.8 0.058 0.00 0.00
1.65 1.47 65.8 49.3 0.246 0.00 0.00
1.75 1.56 66.0 82.9 2.56 0.00 0.00
1.85 1.65 70.6 118. 11.7 0.00 0.00
1.95 1.75 58.6 116. 37.5 0.00 0.00
2.05 1.84 63.6 110. 87.4 0.507 0.00
2.15 1.93 60.4 87.7 116. 1.96 0.00
2.25 2.02 57.1 77.5 148. 9.20 0.00
2.50 2.25 58.4" 62.6" 161." 55.2" 0.504"
3.00 2.71 56.2" 56.6" 75.7" 138.° 79.6"
* Corrected to a front SSD area of 0.732 cm?.
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The calibrated electron geometric factors for the front (SSDF)
and back (SSDB) solid state detector channels are listed in Tables
16 and 17. The G factors are plotted in Figure 8. The various
SSDF and SSDB channels act as approximate inteégral channels for
electrons above a threshold energy, except for W1B and W2B which
have a slow rise over the range of 0.5 - 3.0 MeV. The energy
ranges and best-fit G-factors for the various SSDF and SSDB
channels are listed in Table 18. For a moderately steeply falling
electron spectrum all channels can be approximated as a single
threshold at a fixed energy. For power law spectra of about E° to
E® the average value for E, (MeV) and G, (cm? sr) are listed in

Table 19.

Table 16: HEEF SN/2 SSDF Calibrated Electron Geometric Factors
Electron Beam Measured Geometric Factors
Energy (MeV) G (10°% ecm® sr)

VdG Nom Cal/Eff Total S1F W1F S2F W2F
0.45 0.35 92.8 0.0183 92.8 0.0 92.8
0.55 0.45 112. 0.336 111. 0.007 112.
0.65 0.55 132. 57.4 74.2 0.017 132.
0.75 0.64 153. 87.1 65.7 0.094 153.
0.85 0.74 175. 90.8 84.1 0.192 175.
1.00 0.87 166. 71.6 94.8 27.7 139.
1.05 0.92 177. 70.2 107. 32.4 144.
1.15 1.01 199, 69.1 130. 32.5 166.
1.25 1.10 235.. 72.4 163. 33.2 202.
1.35 1.20 196. 53.7 143. 23.9 172.
1.45 1.29 206. 50.6 156. 21.7 184.
1.50 1.33 239. 57.3 182. 24.7 215.
1.55 1.38 205. 45 .6 160. 19.2 186.
1.65 1.47 205. 41.8 163. 17.3 186.
1.75 1.56 227. 42.9 185. 17.6 210.
1.85 1.65 252. 43.6 208. 17.4 234.
1.95 1.75 225. 35.2 190. 13.7 211.
2.05 1.84 231. 33.4 197. 12.8 218.
2.15 1.93 213. 29.0 184. 11.0 201.
2.25 2.02 206. 26.3 179. 9.74 196.
2.50 2.25 219." 29.2" 190." 11.17 208."
3.00 2.71 212." 28.7" 184 .7 10.17 202."7

" Corrected to a front SSD area of 0.732 cm?.
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The angular response of HEEF SN/2 to electrons was also
measured, and is illustrated by the W2F data shown in Figure 9 and
the total BGO (triple coincidence) response shown in Figure 10.
Most of the HEEF response is for electrons within 20° of the view
axis. The measured angular areas must be multiplied by the
incremental solid angle factors and summed to give the total
geometric factors shown in Figures 6, 7 and 8.

Table 17: HEEF SN/2 SSDB Calibrated Electron Geometric Factors
Electron Beam Measured Geometric Factors
Energy (MeV) G (107 cm? sr)

VdG Nom Cal/Eff Total S1B W1B S2B W2B
0.45 0.35 0.013 0.0039 0.0090 0.0039 0.0090
0.55 0.45 0.003 0.0003 0.0029 0.00 0.0033
0.65 OI.SS 0.094 0.0008 0.093 0.00 0.094
0.75 0.64 0.51 0.0004 0.512 0.00 0.512
0.85 0.74 1.23 0.073 1.16 0.00 1.23
1.00 0.87 1.91 0.83 1.08 0.00 1.91
1.05 0.92 2.28 1.13 1.14 0.0009 2.28
1.15 1.01 3.07 1.51 1.56 0.079 2.99
1.25 1.10 4.16 1.93 2.23 0.521 3.64
1.35 1.20 3.81 1.68 2.13 0.617 3.19
1.45 1.29 4.28 1.70 2.58 0.710 3.57
1.50 1.33 5.04 1.98 3.06 0.805 4.23
1.55 1.38 4.58 1.75 2.83 0.735 3.84
1.65 1.47 4.94 1.74 3.20 0.733 4.21
1.75 1.56 5.84 1.96 3.87 0.804 5.03
1.85 1.65 6.83 2.17 4.65 0.889 5.94
1.95 1.75 6.43 1.91 4.53 0.738 5.70
2.05 1.84 7.08 1.97 5.11 0.814 6.26
2.15 1.93 6.74 1.76 4.98 0.659 6.08
2.25 2.02 6.94 1.70 5.24 0.641 6.30
2.50 2.25 9.22" 2.40" 6.82" 1.032° 8.18"
3.00 2.71 10.47" 2.317 8.16" 0.837" 9.62"

" Corrected to a front SSD area of 0.732 cm’.
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\Table 18:

Summary of HEEF SN/2 SSD Calibrated Geometric Factors
and Energy Ranges for Electrons

SSD Channel

G Factor (cm® srx)

Electron Energy Range

S1F 0.068 0.50 MeV < E, < 1.35 MeV

" 0.036 E, > 1.35 MeV

S2F 0.028 0.80 MeV < E, < 1.35 MeV

" 0.014 E, > 1.35 MeV
W1F 0.090 0.3 MeV < E, < 1.0 MeV

" 0.15 1.0 MeV < E, < 1.3 MeV

" 0.18 E, > 1.3 MeV
W2F 0.14 0.3 MeV < E, < 1.0 MeV

" 0.20 E, > 1.0 MeV

S1B 0.0018 E. > 0.85 MeV

S2B 0.0007 E, > 1.05 MeV

W1B 0.0011 0.65 MeV < E, < 0.95 MeV

" 0.0014 to 0.0094 E, = 0.95 to 3.0 MeV, linear
W2B 0.0000 to 0.0032 E, = 0.50 to 1.1 MeV, linear
" 0.0032 to 0.0108 E., = 1.1 to 3.0 MeV, linear

Table 19: Best Fit Threshold Energies and Geometric Factors
for Electrons of the SSD Channels

SSD Channel Einreshorla (MeV) G, (cm?® sr)
S1F 0.48 0.060
S2F 0.74 0.020
W1F 0.30 0.120
W2F 0.30 0.15
S1B 0.83 0.0019
S2B 1.01 0.00075
W1B 0.72 0.0030
W2B 0.72 0.0040
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3.3 Measured Response to Intense Beta Source Electron Fluxes

HEEF SN/2 was subjected to a large range of electron flux
intensity using a 100 mCi Sr-Y-90 beta source. This beta source
has an end point energy of 2.27 MeV with a broad peak near 0.8 MeV.
The beta source was positioned on the FOV axis of HEEF at
separations varying from 15 inches to 0.875 inches (source face to
front of HEEF). The "effective" source-to-HEEF distance was about
1 inch greater since the HEEF collimation is the inner edge of the
SSDF front collimator. The various S8SDF, S8SSDB, and BGO PMT
coincidence counts were measured for the beta source, and for the
beta source plus a pulser into SSDF. The pulser was operated at
0.3 MeV, 1.0 MeV, 3.0 MeV and 10.0 MeV, at nominal frequencies of
1 kHz, 10 kHz and 100 kHz. The resulting compressed HEEF SSDF
output count rates exceeded the range observed in-orbit by HEEF

SN/1 on CRRES.

The beta source data were analyzed to obtain the count
corrections for the S1FC, W1FC, S2FC and W2FC dead-time corrected

count rates. The dead-time corrected count rates are calculated
from
S1FC = S1F/(1 - tau x S1F)
S2FC = S2F/(1 - tau x S2F)
S1BC = S1B/(1 - tau x S1B) (3.8)
S2BC = S2B/(1 - tau x S2B)
and
W1FC = W1F x DTFF1
W2FC = W2F x DTFF2
W1BC = W1B x DTFB1 (3.9)
W2BC = W2B x DTFB2
where
DTFF1l = 1./[(1 - tau x W1F)x{(1 - tau x S1F)]
DTFF2 = 1./[(1 - tau x W2F)x(1 - tau x S2F)]
DTFB1 = 1./[(1 - tau x W1B)x (1 - tau x S1B)] (3.10)
DTFB2 = 1./[(1 - tau x W2B)x (1 - tau x S2B)]

and tau = 1.1 x 10® s. The above equations are derived from the
operation of the threshold and window circuitry of the SSD’s, with
the tau value being measured. The S1F and S2F outputs were also
corrected for counter overflow, using the continuously recorded
data from a slow in/out scan of the beta source. This allowed the

clear observation of the several overflows and correlation with the
source/HEEF separation.

The measured dead-time corrected count rates for the beta
source are listed in Table 20. Table 21 lists the S + W sums and
the average normalized SSDB response (average S + W multiplied by
d.s:?) . This normalized average SSDB response is a good measure of
the true beta source flux at the inner edge of the SSDF front
collimator, since scattering in the Be foil and the SSDF produce an




electron intensity at SSDB that is directly proportional to that at
SSDF. This is verified by the nearly constant value for the
average SSDB response between about 10.0 and 2.75 inches for degk.
The lower response at larger distances is the effect of energy loss
by the electrons in the air, which eliminates some of the low
energy electrons from the SSDB response. The rise at shorter
distances comes from a slight offset in d.; (a 0.14 inch decrease
produces good agreement), and from small inaccuracies in the source
position. Thus, the SSDB response is a good relative normalization
for the true SSDF response, and can be used to calculate the
paralyzation effects on the various SSDF output counts at high
count rates.

The resulting effective responses for S1FC and S2FC relative
to SSDB are listed in Table 22. The relative responses are then
normalized to the four most distant points (15, 12, 9 and 7 inches
source distance) where they are nearly constant, with (S1FC/SSDB)av
= 19.801 and (S2FC/SSDB)av = 5.545, to give the extra correction
factors S1FFX and S2FFX from

S1FFX(d) 19.801 / S1FC(d) (3.11)

and

S2FFX (4d) 5.545 / S2FC(d) (3.12)

These are then used to calculate the "true" S1FCC and S2FCC count
rates, which are also listed in Table 22. The completely corrected
count rates are given by S1FCC = S1FC x S1FFX and S2FCC = S2FC x
S2FFX. The S1FFX factors show a slow increase from 1.00 as S1FC
increases above 100 kHz. The S2FFX factors first show a decrease
resulting from pulse pile-up, and then an increase at the higher
count rates. The CRRES in-orbit data from HEEF SN/1 give maximum
values for S2FC of a bit above 100 kHz, so S2FC is mostly in the
pulse pile-up region of correction. The maximum effect on S2FC is
about 20% (20 kHz), and this is small compared with the S2FC + W2FC
value of about 700 kHz at this maximum, so the corrections for S2FC
can be neglected.

The dead-time corrections for the beta source + pulser data
are more complex, since the pulser output is not random and thus
does not affect itself until the pulse time separation equals the
dead-time (this is at about 9 MHz). If the beta source count rates
are taken as Bi and Bo for the input and output count rates, and
the pulser count rates are taken as Pi and Po, then for a single
threshold (S1F or S2F) the input count rates are related to the

output count rates by

]

Bi Bo / [1 - (Bo + Po) x taul (3.13)

Pi Po / (1 - Bo x tau) (3.14)

which give
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Bi + Pi = Bo + Po - Pi%? x tau x (1 - Bo x tau) (3.15)
1 - (Bo + Po) x tau

The above correction form is only required for the S1F and S2F
calculations with the pulser at 1.0 and 3.0 MeV, since the 0.3 MeV
pulser amplitude is below the S1F threshold value of 0.50 MeV and
the S2F threshold of 0.80 MeV. For the 1.0 and 3.0 MeV pulser
amplitude calculations, (Bo + Po) is the measured S1F or S2F output
count rate, Pi was measured as 96 kHz, and Bo is estimated by using
the beta-source-only output count rate measurements.

The correction factors for the beta source + pulser data are
calculated from

S1FFX = S1FCC / S1FC (3.16)
for the 0.3 MeV pulser data, and from
S1FFX = (S1FCC + 96 kHz) / S1FCP (3.17)

where S1FCP = Bi + Pi as calculated above for the 1.0 and 3.0 MeV
pulser data.

The effective responses for S1FC for the pulser at 96 kHz and
amplitudes of 0.3, 1.0 and 3.0 MeV are listed in Table 23 along
with the extra correction factors S1FFX. The values of S1FC, S1F,
and S1FCP listed are measured or calculated values, as described
above. The beta source + pulser data have no normalization other

than to the SSDB response. The main reason for performing the
pulser tests was to verify that higher amplitude pulses (from
protons, etc.) would not cause significant deviations from the

beta-source measured correction factors. The results for the extra
S1FC correction factor S1FFX are plotted in Figure 11, and show
that the beta source + pulser data agree quite well with the beta
source data. Thus, the S1FFX correction factors should be quite
accurate for a wide range of pulse height spectra in SSDF, and the
presence of proton fluxes should not change the corrections.

The 96 kHz pulser results for S2FC are listed in Table 24 and
plotted in Figure 12. The 0.3 MeV pulser + beta source data agree
well with the beta source only data. The 1 MeV pulser data show
significant deviations, but this is because the pulser amplitude is
near the S2F threshold of 0.80 MeV, and thus SSDF noise results in
some of the pulses being below this threshold. The 1 MeV pulser
data are thus not a true indication of the actual S2FC response.
The 3 MeV pulser data are in better agreement with the beta source
data, but are closer to 1.0 for S2FC below about 500 kHz. This is
most likely because the pulser can not cause pile-up pulses with
itself, so the pile-up effect observed with the beta source is
reduced. Thus, the pulser tests show that the effects of a proton
flux on the S2FC data from CRRES should not be significant.

The effective responses for W1FC and W2FC relative to SSDB are
listed in Table 25. The responses have been normalized to the
three furthest distance points (15, 12 and 9 inch source distances;
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average of W1FC/SSDB(avg) = 42.14; average of W2FC/SSDB(avg) =
57.17) to calculate the extra correction factors W1FFX and W2FFX,
and the true beta source count rates W1FCC and W2FCC. The

measurements with the pulser at 96 kHz are summarized in Table 26
for W1FC and in Table 27 for W2FC. The pulser correction factors
were calculated using the true W1FCC and W2FCC values from Table 25
with 96 kHz added for the 0.3 MeV pulser amplitude and 0 kHz for
the 1.0 and 3.0 MeV pulser amplitudes. No additional normalization
was used for these data at the low count rate end. Tables 25, 26
and 27 also list the measured, corrected count rate sums S1FC +
W1FC and S2FC + W2FC. The extra correction factors W1FFX and W2FFX
are plotted against these summed, dead-time corrected count rates
in Figures 13 and 14.

Since the pulser output is not random, the pulser corrections
are slightly incorrect, especially at the largest beta source
distances. The precise method of correction for the W1F and W2F
output count rates 1is rather complicated because both are
"windows", with an upper threshold (S1F or S2F) in anti-coincidence
with a lower threshold. The S1F and S2F correction method for the
pulser data actually only provides a slight change from using the
pure random pulse approach, so the W1F and W2F pulser + beta source
data were analyzed by assuming that all pulses are random. No
normalizations were made, since the W1FCC and W2FCC count rates
from the beta source data and the measured pulser frequency of 96
kHz were used to calculate the correction factors.

The spread for the pulser data are mostly because there was no
low count rate normalization as for the S1FFX data in Figure 11.
The summed count rates S1FC + W1FC and S2FC + W2FC appear to give
the best monotonic fit to the factors W1FFX and W2FFX. This method
of obtaining the extra (paralyzation effect) correction factors
W1FFX and W2FFX also provides a better form for the in-orbit data
from HEEF SN/1.

The triple coincidence electron channel responses for HEEF
SN/2 were also measured since the Sr-Y-90 beta source emits
electrons up to 2.24 MeV. The measured responses for LI, L1l and L2
were corrected for dead-time effects by

LiC = Li x DTFF2 x DTFB2 (3.18)

where DTFF2 and DTFB2 are the SSDF and SSDB dead-time factors given
earlier. The resulting count rates were summed and normalized to
the SSDB response to derive an extra correction factor, BGOW2FFX,
listed in Table 28. The normalization was to the measurements at
the 15 inch source position, with no pulser. Table 28 also lists
the sum S2FC + W2FC for the measurements, since W2F and W2B are
used in the triple coincidence measurements for LL, Ll and L2 (see
Table 8). The data in Table 28 are plotted in Figure 15, which
shows that the 1 MeV and especially the 3 MeV pulser data deviate
from the no-pulser and 0.3 MeV pulser data.
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The deviation is largest at low beta source count rates, and
is most likely due to the SSDF pulse distortion due to the shorter
pulser decay time. Since the triple coincidencé timing is quite
narrow (about 100 nsec total relative timing shift between two
pulses), the SSDF pulse shape distortions from the fast pulser
decay most likely affect the true electron triple coincidence
efficiency by small shifts in the zero-cross pulse timing for
electrons which are detected within a few microseconds after the
pulser fires. This should be a larger percentage effect at low
beta source count rates where the true electron-caused paralyzation
effects are small. The corrections for the triple coincidence
electron channels is thus best based on the no-pulser and the 0.3

MeV pulser data.

Pulser = 96 kHz

»=—+—s No Pulse
= (0.3 MeV
o060 1 MeV
ceees 3 MeV

Extra S1FC Correction Factor, S1FFX

—
1

9|||||rl|||xllllllll||llllllll|ll|ll1lll‘|

0.0 200.0 400.0 600.0 800.0
ST1FC Count Rate (kHz) (Beta Source Tests)

Figure 11. Measured Extra Correction Factors for
S1FC for HEEF SN/2.
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Figure 12. Measured Extra Correction Factors for
S2FC for HEEF SN/2.
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Figﬁre 13. Measured Extra Correction Factors for
W1FC for HEEF SN/2.
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3.4 Data Analysis Procedures

The HEEF SN/1 on CRRES provides a complete set of counts every
0.512 second. The output counts, in compressed form, are:

S2F, S1F, W2F, W1lF, S2B, S1B, W2B, WI1B - from the SSD’s

L, Li, L2, L3, L4, L5, L6, L7, L8, L9, L10C - BGO Coincidence
BGO, L10S - total BGO counts above LL, and above L10

LS - anti-coincidence scintillator total counts

The above counts must first be decompressed to obtain the
corresponding input count (range), and then converted to a count
rate by dividing by 0.512 s. The HEEF data from CRRES have some
periods of intense electron fluxes when the S1F and S2F counters
overflow. Under these conditions the S1F and S2F counts must first
be corrected for the overflow by adding an appropriate multiple of
32768 to the decompressed count. The number of overflows must be
tracked from a time of low count rates when there are no overflows
by counting up or down by one whenever successive counts change by
more than half of the overflow value (32768/2 = 16384). Accuracy
can be checked by verifying that the overflow count returns to 0
when the flux returns to low values.

The output HEEF count rates (or averages, if several counts
are added) must be corrected for deadtime effects. The non-
paralyzation deadtime corrections are made by first calculating
four dead-time correction factors from the measured (output) count
rates (the notation W1F, W2F, etc. is now used to represent the
measured count rates in counts/second) :

DTFF1l = 1./[(1 - tau x W1F)x (1 - tau x S1F)]
DTFF2 = 1./[(1 - tau x W2F)x(1 - tau x S2F)]
DTFB1 = 1./[(1 - tau x W1B)x(1 - tau x S1B)] (3.19)
DTFB2 = 1./[(1 - tau x W2B)x(1 - tau x S2B)]

where tau = 1.1 x 10°® s is the measured dead-time. Next the dead-
time corrected SSD single threshold count rates are calculated from

S1FC = S1F/(1 - tau x S1F)
S2FC = S2F/(1 - tau x S2F)
S1BC = S1B/(1 - tau x S1B) (3.20)
S2BC = S2B/(1 - tau x S2B)

and the dead-time corrected SSD window count rates are calculated
from

W1FC = W1F x DTFF1
W2FC = W2F x DTFF2
W1BC = W1B x DTFB1 (3.21)
W2BC = W2B x DTFB2

The dead-time corrected total BGO and anti-coincidence scintillator
free count rates are calculated from
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BGOC = BGO/(1 - tau x BGO) (3.22)
L10SC = L10S/(1 - tau x L10S) ) (3.23)
LSC = LS/(1 - tau x LS) (3.24)

The above are needed for paralyzation effect corrections, and for
accidental coincidence count rate calculations.

If the SSDF count rates are very high, then the triple
coincidence BGO count rates must be corrected for accidental
coincidences. The total output count rate from accidental
coincidences is given by

C1ACC = W1F x W1B x BGO x taur? (3.25)
and

C2ACC = W2F x W2B x BGO x taur? (3.26)
where taur = 1.0 x 107 s is the measured resolving time of the
coincidence circuitry. The value of C2ACC is for the LL - L3

channels, while ClACC is for the L4 - L9 channels, in the triple
coincidence mode of operation.

The dead-time and accidental coincidence corrected BGO
coincidence count rates are calculated from

LiC = (Li - C2ACC x Lifrac) x DTFF2 x DTFB2 (3.27)
for LL, L1, L2 and L3, and
LiC = (Li - ClACC x Lifrac) x DTFFl1l x DTFB1 (3.28)

for 1.4, L5, L6, L7, L8, and LS. The value of Lifrac is the
fraction of output counts which are in channel Li, and is given by

Lifrac = Li/(LL + L1 + ... + L8 + L9) (3.29).
Note that the above calculations use the measured output count
rates from telemetry. For the L10C channel the accidental
corrections are calculated using the measured L10S count rate from
1L10CC = (L10C - W1F x W1B x L10S x taur?) x DTFFl x DTFB1 (3.30).
The result of the above is a set of dead-time corrected count
rates, which are then corrected for paralyzation effects, if

necessary, and used for particle flux calculation.

The paralyzation effect corrections required at very high SSDF
count rates are as follows:

(1) If S1FC > 100 kHz, then a paralyzation correction factor is
required to give
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S1FCC = S1FC x S1FFX (3.31)

S1FFX is obtained from Table 29 using S1FC for interpolation.
Table 29 is averaged over the beta source and beta source + pulser

data of Tables 22 and 23.

(2) If S1FC + W1FC > 200 kHz, then a paralyzation correction
factor is required to give

W1FCC = W1FC x W1FFX (3.32)

W1FFX is obtained from Table 30 wusing S1FC + W1FC for
interpolation. The data in Table 30 are averages over the beta
source and beta source + pulser data for HEEF SN/2 in Tables 25 and
26, adjusted slightly to give better agreement between S1FCC +
W1FCC and S2FCC + W2FCC for in-orbit data from HEEF SN/1 on CRRES.
Table 30 shows two sets of factors: the first are the measured
averaged data from HEEF SN/2; the second are the adjusted factors
for HEEF SN/1 in CRRES.

(3) If S2FC + W2FC > 200 kHz, then a paralyzation correction
factor is required to give

W2FCC = W2FC x W2FFX (3.33)

W2FFX 1is obtained from Table 31 wusing S2FC + W2FC for
interpolation. The data in Table 31 are averages over the beta
source and beta source + pulser data for HEEF SN/2 in Tables 25 and
27. The same factors are used for HEEF SN/2 in CRRES.

(4) 1If S2FC + W2FC is greater than 65 kHz, then a paralyzation
correction factor is required to give

LiCC = LiC x BGOW2FFX (3.34)

where LiC is LLC, L1C, L2C or L3C. BGOW2FFX is obtained from Table
32 using S2FC + W2FC for interpolation. The data in Table 32 is an
average of the beta source and beta source + 0.3 MeV pulser data in

Table 28.

(5) If S1FC + W1FC is greater than 81 kHz, then a paralyzation
correction factor is required to give

LiCC = LiC x BGOW1lFFX (3.35)

where LiC is L4C, LS5C, LeC, L7C, L8C, L9C or L10CC. BGOW1FFX is
obtained from Table 32 using S1FC + W1FC for interpolation. The
S1FC + W1FC values in Table 32 are based on the beta source LL + L1
+ L2 data, but corrected to provide better spectral shape
continuity from the L3 to L4 points for the CRRES data. The CRRES
HEEF spectral shapes show the least L3 - L4 discontinuity when
(S1FC + W1FC) = (S2FC + W2FC)/0.80 in Table 32, as shown by the
listed count rate values.
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Table 29: Paralyzation Correction Factor S1FFX

Measured S1FC

Extra S1FC Correction

(kHz) Factor S1FFX
100. 1.00
190. 1.05
265. 1.10
390. 1.24
500. 1.45
590. 1.75
690. 2.40
725. 2.85
750. 3.3

Results are from beta source + pulser (96 kHz; 0.3, 1.0, and
3.0 MeV) tests on HEEF SN/2.

Table 30: Paralyzation Correction Factor W1FFX

Measured HEEF SN/2 Measured HEEF SN/1 Adjusted
S1FC+W1FC Extra W1FC Correction Extra W1FC Correction
(kHz) Factor W1FFX(SN/2) Factor W1FFX(SN/1)
200. 1.00 1.00
300. 1.05 1.09
400. 1.15 1.17
500. 1.25 1.32
550. 1.35 1.40
650. 1.55 1.68
700. 1.70 1.88
840. 2.4 2.23
950. 3.5 2.8
1025. 5.0 3.9
1100. 8.5 6.4
1120. 11.2 8.4
1130. 13.8 10.4

CRRES data.

tests on HEEF SN/2.

W1FFX (SN/1)

W1FFX (SN/2) results are from beta source + pulser (96 kHz; 0.3 and 1.0 MeV)
are the W1FFX(SN/2) data adjusted to
provide better agreement between SI1FCC+W1FCC and S2FCC+W2FCC for in-orbit




Table 31: Paralyzation Correction Factor W2FFX
Measured S2FC+W2FC Extra W2FC Correction
- (kHz) Factor W2FFX
200. 1.00
300. 1.05
400. 1.12
500. 1.25
550. 1.32
650. 1.60
780. 2.4
850. 3.6
925. 5.2
1025. 9.0
1070. 11.7
1100. 14 .4
g;?lzllts are from beta source + pulser (96 kHz; 0.3 and 1.0 MeV) tests on HEEF

Particle fluxes are calculated from the fully corrected count
rates using the appropriate geometric factors. For the SSDs the
geometric factors are shown in Figure 8 and summarized in Tables 18
and 19. If no protons are present, integral electron fluxes can be
calculated from W1FCC, W2FCC, S1FCC, W1BC, W2BC, 82FC (may have
pile-up contamination), S1BC and S2BC. Reasonably accurate
integral fluxes J. can be calculated using the low energy G
factors (cm? sr) from Table 19 to give

Je(Eei) = WiFCC/GOl (3.36)

where E, is the effective threshold energy for channel i. These
integral electron fluxes will be most accurate for spectra which
decrease at higher energies, although the Table 19 fits are
reasonably accurate for power law exponents in the range of 0 to 8
(E* differential spectrum shape). If desired, slightly more
precise spectral information can be obtained by using more
elaborate fitting procedures with the complete energy variation of
the geometric factors in Figure 8 and Tables 16 and 17.

Differential electron fluxes can be calculated from the fully

corrected BGO coincidence count rates, LLCC, L1CC, --- L9CC (L10OCC
for integral ' fluxes). The differential electron spectrum is

calculated from
dJ(E;) /dE = LiCC/Gg(1) el/ (cm? s sr keV) (3.37)

where G;(i) is the energy-geometric factor of channel i in (cm? sr
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Table 32: Paralyzation Correction Factors BGOW2FFX and BGOW1FFX
Measured S2FC+W2FC LL-L3 L4-L10C _‘ S1FC+W1FC for
for BGOW2FFX BGOW2FFX BGOW1FFX ' BGOW1FFX
(kHz) . (kHz)
Extra Correction Factor

65. 1.00 81.

110. 1.01 138.

170.- 1.07 213.

210. 1.13 263.

310. 1.26 388.

400. 1.44 500.

530. 2.0 663.

660. 3.0 825.

780. 5.9 975.

850. 8.4 1063.

930. 10.2 1163.

1025. 12.7 1281.

1070. 14.0 1338.

1095. 14.7 1369.
BCOW2FFX results are from beta source, and beta source + 0.3 MeV pulser
data from HEEF SN/2. The BGOW1FFX factors have been adjusted to provide

better agreement for in-orbit data from HEEF SN/1 in CRRES, and are

obtained from
(S1FC + W1FC) = (S2FC + W2FC)/0.80

keV) (for L10CC it is the integral geometric factor in (cm® sr)).
The values of Gy(i) depend on both the HEEF HV step setting for PMT
gain, and on the temperature for the BGO crystal gain and pulse
timing. The calculation of the Gg(i) values is described in
References 4 and 5, which includes fits to the temperature
measurements made with HEEF SN/2. For HEEF SN/1 in CRRES, the fits
of Reference 5 are best using a timing offset t, = 0 ns and a
maximum time difference d, = 50 ns. Using these values, the
average energy and energy-geometric factors for HEEF SN/1 on CRRES
at HV 128 (the normal operating HV step) for a number of
temperatures are listed in Tables 33 to 36. The listed values of
Gg(i) = G x AE are taken directly from Reference 5 method
calculations, except that the value for LL is multiplied by 3. The
HEEF SN/2 calibration data in Table 15 and Figure 7 are better fit
with this factor increase since the LL channel response has a
significant high energy "tail". The wvalues for L10C are the
electron threshold energy and the effective geometric factor in
(cm® sr). Note that the L10C channel also responds to high energy
protons (>270 MeV), and thus is not a clean electron channel. HEEF
SN/1 operated in the temperature range of 0°C to -10°C for most of
the CRRES lifetime. A computer program performing the Reference 5
calculations has been provided to PL to generate the responses for
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different temperatures and HV steps.

Table 33: Average Channel Energies and Energy-Geometric Factors
for HEEF SN/1 at 25°C

Channel Average E, (Mev)? G x AE (cm? sr keV)
LL 1.34 0.465%
L1 1.74 0.524
L2 2.26 0.999
L3 2.72 1.272
L4 3.22 1.704
L5 3.74 1.946
L6 4.40 4.68
L7 5.39 5.85
L8 6.76 11.47
L9 8.77 12.27

Lioc >10.00 6.13°

! For LL to L9 the E, values are for a n = 6 spectrum (dJ/dE = K E9).

2 Por LL the value of G x AE has been multiplied by 3 to give a better fit to
the SN/2 calibration data (see text).

?® For L10C E, is the threshold in MeV and G in (cm® sr) is given.

Table 34: Average Channel Energies and Energy-Geometric Factors
for HEEF SN/1 at 10°C

Channel Average E, (MeV)? G x AE (cm?® sr keV)
LL 1.27 0.200°?
L1 1.61 0.265
L2 2.07 0.538
L3 2.49 0.709
L4 2.95 0.980
LS 3.42 1.150
L6 4.03 2.86
L7 4.93 3.71
L8 6.18 7.50
LS 8.03 8.30

L10C >9.15 4.53°

 For LI to L9 the E, values are for a n = 6 spectrum (dJ/dE = K E™9).
2 For LL the value of G x AE has been multiplied by 3 to give a better fit to

the SN/2 calibration data (see text).

? For L10C E, is the threshold in MeV and G in (cm? sr) is given.
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Table 35: Average Channel Energies and Energy-Geometric Factors
for HEEF SN/1 at 0°C

Channel Average E, (MeV)!? G x AE (cm® sr keV)
LL 1.23 0.0810?
L1 1.52 0.1151
L2 1.96 0.230
L3 2.36 0.295
L4 2.79 0.395
L5 3.23 0.448
L6 3.80 1.065
L7 4.65 1.302
L8 5.83 2.41
L9 7.57 2.40

L10C >8.65 1.385°

! For LL to L9 the E, values are for a n = 6 spectrum (dJ/dE = K E™¢).

2 For LL the value of G x AE has been multiplied by 3 to give a better fit to
the SN/2 calibration data (see text).

3 For L10C E, is the threshold in MeV and G in (cm® sr) is given.

Table 36: Average Channel Energies and Energy-Geometric Factors
for HEEF SN/1 at -10°C

Channel Average E, (MeV)?! G x AE (cm? sr keV)
LL 1.19 0.0261%
L1 1.45 0.0381
L2 - 1.85 0.06380
L3 2.23 0.0802
L4 2.63 0.0957
LS 3.06 0.0975
L6 3.59 0.1981
L7 4.39 0.1992
L8 5.48 ' 0.278
LS 7.13 0.1949

L10C >8.21 0.1188°

! For LL to L9 the E, values are for a n = 6 spectrum (dJ/dE = K E¢).

2 For LL the value of G x AE has been multiplied by 3 to give a better fit to
the SN/2 calibration data (see text).

3> For L10C E., is the threshold in MeV and G in (cm? sr) is given.
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4. Analysis of CRRES Data
4.1 Measured HEEF Electron Spectra

CRRES provided HEEF data for more than 1000 orbits, covering
a range of magnetospheric activity levels. Processing of the bulk
of the HEEF data from CRRES is done at PL. To illustrate the
operation of HEEF, several fully corrected HEEF electron spectra
are presented and discussed in this section. The results
demonstrate the expected accuracy of the reduced electron fluxes.

HEEF normally provides a ten-point differential electron
spectrum from the triple coincidence BGO spectrum, but in the
absence of significant proton fluxes the SSD singles channels also
provide several lower energy integral channels. The SSD integral
electron channel responses are summarized in Table 19. For
electron spectra not contaminated by proton fluxes, it is possible
to use the S1F-S2F and S1B-S2B integral flux differences to provide
two differential channels centered at 0.61 MeV (S1F-S2F) and 0.92
MeV (S1B-S2B). In the absence of proton contamination the S2B
channel provides an integral flux above 1.01 MeV electron energy,
J(>1.01,S2B). By integrating the 10-channel BGO electron spectrum
from 1.01 MeV, it is possible to generate an integral electron
flux, J(>1.01,BG0O), which can then be compared with J(>1.01,S2B).
Since the S2B channel usually has small deadtime corrections, this
allows a good cross check between the SSDB electron response and

the BGO electron response.

HEEF spectra from a time when there is good agreement between
the BGO (triple coincidence) electron spectrum and the SSD-derived
spectrum are shown in Figures 16 and 17, taken from high L values
of orbits 75 (L = 5.36) and 76 (L = 6.75). All of the HEEF
electron spectra plots show the electron flux in el/(cm® s sr MeV)
for the differential fluxes (DJ/DE) and el/(cm®* s sr) for the
integral fluxes (JEint, or J(>E)). For these spectra there is a
significant high energy electron flux with only a low (cosmic ray
background) proton flux. Thus, the SSD channels provide good
electron spectra. Note that the two differential channels from
SSDF and SSDB fit very well with the higher energy BGO electron
spectrum. The BGO differential spectrum and the SSD integral
spectrum have both been fit with a power law shape. The ratios of
the integral electron fluxes, J(>1.01,BGO)/J(>1.01,S82B), are 1.08
for orbit 75 (Figure 16) and 0.93 for orbit 76 (Figure 17), which
is excellent agreement. The HEEF sensor temperature was about -4°C
for these two spectra, and the corresponding geometric factors have
been used (values are between those listed in Tables 35 and 36).

Electron spectra for more intense fluxes are shown in Figures
18 (orbit 20, L = 3.47), 19 (orbit 12, L = 3.17) and 20 (orbit 76,
L = 3.68). The S1B-S2B SSDB differential spectrum point at 0.92
MeV is still in reasonable agreement with the BGO differential
spectrum, but the S1F-S2F SSDF differential spectrum point at 0.61
MeV is questionable, especially in Figure 20. For these three
spectra the total SSDF count rate is about 1.2 MHz, 1.5 MHz, and
1.4 MHz, so the SSDF deadtime correction factors are large. The
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integral electron flux ratios J(>1.01,BG0)/J(>1.01,82B) are 1.35
for orbit 20 (Figure 18), 1.08 for orbit 12 (Figure 19), and 1.48
for orbit 76 (Figure 20), which is reasonably good agreement. The
HEEF sensor temperatures used to calculate the geometric factors
were -4°C for orbits 12 and 76, and +2°C for orbit 20.

HEEF electron spectra for orbit 61, L = 3.85, orbit 250, L =
6.62, and orbit 250, L = 4.64 are shown in Figures 21, 22 and 23.
These three higher L spectra show good agreement between the BGO
and SSD electron spectra. A HEEF electron spectrum for orbit 250,
L = 3.64, is shown in Figure 24. Here, the agreement between the
BGO and SSD spectra is not as good, and is likely due to the rather
flat electron spectral shape below about 1 MeV, with a steep (E™®°)
spectral drop above 1 MeV. For electron spectra with this type of
shape, the SSD channel responses are not accurately approximated by
a fixed energy threshold, and thus the SSD differential electron
spectrum points deviate significantly from the BGO measurements.
The integral electron flux ratios J(>1.01,BGO)/J(>1.01,S2B) are
1.33 for orbit 61 (Figure 21), 1.39 for orbit 250, L = 6.62 (Figure
22), 1.61 for orbit 250, L = 4.64 (Figure 23), and 1.69 for orbit
250, L = 3.64 (Figure 24), which is reasonable agreement. Thus the
integral electron spectra from the BGO and SSDB (S2B) are still in
reasonable agreement for Figure 24, even though the differential
spectra deviate by more than a factor of 10. The BGO data were
processed using a HEEF sensor temperature of -4°C for orbit 61, and
-10°C for orbit 250.

HEEF electron spectra for very intense electron fluxes are
calculated using some very large correction factors (see Section
3.4), and this introduces some larger uncertainties in the absolute
spectral intensities. This is particularly true for the SSDF
channels, which can have very large deadtime corrections. The
effect is illustrated by several spectra from orbits 600 and 602,
shown in Figures 25 to 29. Figure 25 shows a spectrum from orbit
600, L = 3.51, where the SSD differential spectrum points are
starting to show some deviation from the BGO differential spectrum.
The ratio of the integral electron fluxes J(>1.01,BGO)/J(>1.01,S2B)
is 1.83. 1In Figure 26 the electron intensity is about a factor of
3 greater, with large deadtime correction factors, and the SSDF
(S1F-S2F) differential spectrum point is clearly meaningless. The
SSDB (S1B-S2B) differential spectrum point is low compared with the
BGO differential spectrum, but this may be partly the result of a
flattening of the low energy part (<1 MeV) of the electron
spectrum. The ratio of the integral electron fluxes J(>1.01,BGO)/
J(>1.01,82B) is 2.53.

Figure 27 show a second spectrum for orbit 600, L = 4.48, but
for pitch angles of 0° and 180°. Here, the electron flux is weaker
by about a factor of 10, so the deadtime corrections are not as
large. The SSDF differential spectrum point is now in better
agreement with the BGO differential spectrum, and the integral flux
ratio J(>1.01,BGO)/J(>1.01,82B) is 2.81. The integral flux ratio
is thus not strongly dependent on the electron flux intensity, and
indicates that the BGO corrections are being made correctly. The
deviation of J(>1.01,BG0) from J(>1.01,S2B) is most likely due to
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electron spectrum shape effects, with the spectrum below about 1
MeV being much flatter than that above 1 MeV.

Electron spectra for orbit 600, L = 5.49, and orbit 602, L =
3.11, are shown in Figures 28 and 29. Both spectra are similar in
shape and intensity, and the BGO spectra show moderate agreement
with the SSDB differential spectrum point at 0.92 MeV, but
significant disagreement with the SSDF differential spectrum point
at 0.61 MeV. The total SSDF count rates are about 1 MHz for both
spectra, so the SSDF deadtime corrections are moderately large.
The integral -electron flux ratios J(>1.01,BGO)/J(>1.01,82B) are
2.56 for orbit 600 (Figure 28) and 2.08 for orbit 602 (Figure 29),
so the ratio does not vary much for this time period.

Much of the HEEF data were obtained with the sensor
temperature near -10°C (nearly all orbits above 130), where the
effective detection efficiency is only a few %. Changing the
sensor temperature to -15°C decreases the BGO geometric factors by
a factor of 2 for channel LL, and about a factor of 5 for L8 and
L9. The BGO geometric factors near -10°C are thus strongly
temperature dependent, and some of the deviations of J(>1.01,BGO)
from J(>1.01,S82B) may be the result of slight differences between
the actual HEEF sensor temperature and the temperature used for the
flux calculations. The calculations shown in Figures 16 to 29 use
average HEEF sensor temperatures for the orbits in question, and
thus there is a possibility that some of the actual sensor
temperatures were slightly different.

The HEEF electron data appear to be quite accurate when all
the deadtime corrections are made, and when the correct sensor
temperature is used to obtain the BGO channel geometric factors.
The agreement between the BGO and SSD electron fluxes is generally
quite good, and can be used as a check on correct data reduction.
The SSD data are not useful when there are significant proton
fluxes present, since the proton response adds to the electron
response. Correction of the SSD response for small proton flux
contributions is possible, but once the proton flux response is
greater than the electron flux response the SSD data are not too
useful for calculating the lower energy electron spectrum.

4.2 Measured Dosimeter Doses and Particle Fluxes

The dosimeter data from CRRES is analyzed as described in
Section 2, and is much the same procedure used for the DMSP/F7
dosimeter. The bulk of the data reduction has been done at PL,
with the data being used to generate dose rate information for the
parts of the magnetosphere measured by CRRES. The dosimeter
provides accurate dose measurements for the detector and shielding
geometries used, since the sensitive silicon volume has been
accurately measured and the output pulse energy scale has been
accurately calibrated. Because the dosimeter has a nearly 27 sr
response 1in its primary energy ranges, the particle flux
measurements are integrations over the entire pitch angle
distribution and detailed particle flux measurements are not
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possible. The flux data can be used to provide estimates of the
average omnidirectional particle fluxes.

The dose rate data and the particle flux data can be used to
calculate the average energy deposited by one particle in a
particular dose channel. 1In the LOLET (Ei) channels this allows
some discrimination between response to protons (average energy
loss is usually above 300 keV), electrons (average energy loss is
about 200 keV) and electron bremsstrahlung (average energy loss is
less than about 100 keV). The HILET (Pi) channels respond
primarily to protons, although there is a very weak response to
high energy electrons due to multiple scattering in the SSDs. The
HILET channels have a typical average energy loss of a few MeV.
For very low ambient particle fluxes, the dosimeter data must have
the calibration source background subtracted (Reference 1). Note
that since the P4 flux channel has a prescale of 8 before the
telemetry output, all P4 flux counts from telemetry must be
multiplied by 8 to obtain the actual SSD P4 flux count. All
dosimeter P4 flux data shown here have had this factor of 8 applied
to the telemetry P4 flux counts.

The dosimeter calibration mode is used to verify the SSD total
depletion and the overall electronics gain and operation.
Calibration mode data are useable only when the ambient particle
fluxes are low, especially the proton fluxes which produce HILET
doses. Calibration mode data are thus useable only near perigee,
and at very high L values during quiet magnetospheric times.
Calibration mode data for several orbits covering nearly the entire
lifespan of CRRES are given in Table 37. Comparing the in-orbit
data with the pre-launch values of flux count rate, dose count
rate, and average deposited energy shows good agreement from orbit
6 up to orbit 1021, and verifies proper dosimeter operation for the
entire CRRES operational lifetime. The El1(Cal mode) data show a
slight contamination from ambient particles, since the in-orbit
flux count rates are slightly higher than the pre-launch values.
However, the P1(Cal mode) data show very good agreement between in-
orbit and pre-launch values, and this is the primary indication of
total SSD depletion and proper electronics operation.

Dosimeter normal mode data at high L wvalues during quiet
magnetospheric conditions are given in Table 38. The pre-launch
values provide the dosimeter background flux/dose count rates from
the calibration sources, and must be used to correct the in-orbit
data when the ambient particle fluxes are low. The E1l channel has
the lowest energy threshold, and thus almost always has some count
rate from ambient particles. Thus, the in-orbit E1 count rate is
almost always higher than the pre-launch value. Only in orbits 6
and 250 does the E1l in-orbit flux count rate come very close to the
pre-launch value. The normal mode data in Table 38 help verify
proper in-orbit dosimeter operation, since all in-orbit count rate
data are equal to or greater than the pre-launch values.

Dosimeter in-orbit data for CRRES are illustrated by the
summaries in Tables 39 to 42, which are for the outbound half of
orbit 76. The data listed have no deadtime corrections, but this
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should not affect the general pattern of the dosimeter data. The
last set of entries give the calibration source count rates and
average energy deposits (AE), taken from Table 38.

The data for channel 1 in Table 39 show the expected response
pattern for the radiation belts. The inner belt point at L = 1.55
shows a high LOLET energy deposit (308 keV) typical of proton
response in the inner belt. The average energy deposit drops to
152.4 keV at L = 2.38, which indicates a significant response to
bremsstrahlung from an intense electron flux with energies below
about 1 MeV. For all of the higher L values the average energy
deposit is about 200 keV, which corresponds to a primary response
to high energy electrons. The HILET channel response shows a
typical proton response at L = 1.55, a small electron response at
L = 3.86 where the average energy deposit drops to 1.87 MeV, and a
dominant calibration source response for most of the high L values.

The channel 2 response in Table 40 shows a pattern similar to
that for channel 1, although the inner belt proton response
produces a slightly higher average LOLET energy deposit of 372 keV
because of the larger detector area. At the highest L values the
LOLET response is partly bremsstrahlung, as shown by the lower
average energy deposit values. The HILET response is very similar
to the channel 1 HILET response: protons at L = 1.55, some electron
response at L = 3.86, and calibration source response at the
highest L values.

The channel 3 response in Table 41 shows the expected LOLET
proton response at L = 1.55, and a dominant bremsstrahlung response
at all higher L values. There is a slight direct electron response
at L. values of 3.86 and 4.64, as shown by the elevated average
energy deposits of 110.6 and 105.7 keV. The HILET channel response
is to protons at the lowest L values of 1.55 and 2.38, and almost
entirely to the calibration source for all higher L values.

The channel 4 response in Table 42 is very similar to the
channel 3 response, except that the LOLET average energy deposits
are higher because of the much larger detector area. The response
outside of the inner belt is basically all bremsstrahlung. The
HILET response outside of the inner belt is somewhat higher than
from the calibration source alone, and is a combination of cosmic
ray proton background and electron bremsstrahlung.

The dosimeter data indicate that the instrument has operated
properly for the entire operational life of CRRES. The calibration
source data, both Calibration Mode and Normal Mode (low ambient
particle background), show that all detectors operated properly,
and that all electronic gains and operations were correct. Data
from the radiation belts show the expected responses from the
proton and electron fluxes.
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Table 39: Dosimeter Data Summary for Channel 1 for Orbit 76

Outbound -
Average L Value LOLET (El) Averages HILﬁT (P1) Averages
L Value Range
Flux (cps) { AE (keV) | Flux (cps) | AE (MeV)
1.55 1.24/1.85 160.2 308.0 96.9 2.99
2.38 1.85/2.92 39.0 152.4 5.67 3.05
3.20 2.93/3.46 3947. 209.6 3.10 2.61
3.86 3.46/4.26 15420. 205.3 5.03 1.87
4.64 4.26/5.01 6412. 208.3 3.47 2.46
5.43 5.02/5.83 1365. 211.7 2.92 2.81
6.10 5.83/6.36 275.7 213.8 2.79 2.92
6.47 6.37/6.56 93.7 213.5 2.76 2.92
Cal Src (A1l) 0.392 378. 2.32 2.89

Table 40: Dosimeter Data Summary for Channel 2 for Orbit 76

Outbound

Average L Value LOLET (E2) Averages HILET (P2) Averages

L value Range Flux (cps) | AE (keV) | Flux (cps) | AE (MeV)
1.55 1.24/1.85 341.8 372.2 182.8 2.52
2.38 1.85/2.92 121.5 95.7 4.56 2.66
3.20 2.93/3.46 525.3 185.0 1.24 2.01
3.86 3.46/4.26 1683. 224.3 3.52 1.35
4.64 4.26/5.01 698. 221.4 1.71 1.46
5.43 5.02/5.83 140.3 191.9 0.74 2.53
6.10 5.83/6.36 32.8 145.6 0.57 2.53
6.47 6.37/6.56 14.23 116.9 0.53 2.86

Cal Src (All) 0.0681 392. 0.509 2.58
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Table 41: Dosimeter Data Summary for Channel 3 for Orbit 76

Outbound -

Average L Value LOLET (E3) Averages HILﬁT (P3) Averages
L Value Range Flux (cps) | AE (keV) | Flux (cps) | AE (MeV)
1.55 1.24/1.85 291.1 377.7 109.8 2.20
2.38 1.85/2.92 85.6 89.4 2.70 2.53
3.20 2.93/3.46 182.6 93.9 0.90 3.09
3.86 3.46/4.26 317.0 110.6 0.88 3.08
4.64 4.26/5.01 138.3 105.7 0.86 2.87
5.43 5.02/5.83 45.9 96.2 0.87 3.08
6.10 5.83/6.36 17.45 94.7 0.85 3.00
6.47 6.37/6.56 8.85 89.1 0.86 3.03
Cal Src (All) 0.0569 491. 0.734 2.79
Table 42: Dosimeter Data Summary for Channel 4 for Orbit 76
Outbound
Average L Value LOLET (E4) Averages HILET (P4) Averages
L Value | Range 1 ..x (cps) | AE (keV) | Flux (cps) | AE (MeV)
1.55 1.24/1.85 2216. 590.2 1161. 2.37
2.38 1.85/2.92 155.8 244.3 15.20 2.51
3.20 2.93/3.46 698. 239.4 1.87 2.62
3.86 3.46/4.26 1680. 258.8 2.17 2.66
4.64 4.26/5.01 693. 253.6 1.95 2.52
5.43 5.02/5.83 183.0 240.9 1.78 3.67
6.10 5.83/6.36 61.3 237.5 1.79 2.73
6.47 6.37/6.56 26.86 234.9 1.74 3.13
Cal Src (All) 0.1363 351. 0.188 2.90
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4.3 Comparison of HEEF and Dosimeter Electron Flux Data

4.3.1 Method to Calculate Dosimeter Electron Flux Responses from
HEEF Electron Flux Data

The electron fluxes calculated from HEEF on CRRES can be used
to calculate the Dosimeter LOLET (electron) flux count rates. In
principal the HEEF fluxes should be integrated over pitch angle to
provide an omnidirectional flux for electrons, but in practice the
90° pitch angle data can be used since they are usually within 25%
or so of the true omnidirectional flux. The Dosimeter has a 4.096
second integration time and a FOV near 27 sr, so it shows only a
small variation with the FOV center pitch angle, but it is still
desirable to average the Dosimeter flux count rates over a full

satellite spin.

The direct electron flux count rate of a particular dosimeter
LOLET channel (E1, E2, E3 and E4) is calculated from

Rie = Z Jo(E;) * DE; * G (E;) (4.1)

where the sum is over the electron energies E;, and

E;, DE, = central energy and bin width of the HEEF
electron energy channels, in MeV

je(E;) = HEEF differential electron flux, DJ/DE(E;), in
el/(cm® s sr MeV)

G¢o (E;) = Dosimeter channel geometric factor  for

electrons of energy E;, in cm?® sr

The values of G, (E;) for the four Dosimeter channels are
calculated using Egq. (2.1) for the CRRES dosimeter SSD areas and
threshold energies of Table 3. Note that the sum in Eqg. (4.1) is
approximate for steeply falling electron spectra (E.,® or so), where
an integral over the response would be more accurate.

The dosimeter LOLET channels also respond to electron
bremsstrahlung, and this is frequently the dominant response for
the D3 and D4 LOLET channels E3 and E4. The dosimeter response to
bremsstrahlung can be calculated from the HEEF SSD integral
electron channels, since most of the bremsstrahlung come from
electrons below about 1 MeV. A five-point integral electron
spectrum can be obtained from HEEF by using the effective threshold
channels listed in Table 19. The five points are obtained from

J.(E. > 0.30 MeV) - W1F and W2F average
J_(E. > 0.48 MeV) - S1F
J.(E., > 0.72 MeV) - W1B and W2B average
J.(E, > 0.83 MeV) - S1B
J_(E. > 1.01 MeV) - S2B

where the S2F point at 0.74 MeV is not used since it is very close
to the W1B + W2B point. The bremsstrahlung response is calculated
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from
Rpe = £ (J(Bi,) - JAE)) * 4w * Gy ((Ej,y +_Ei)/2) (4.2)

where the sum is over the integral electron energies E;, J.(E;) are
the HEEF integral electron fluxes, and G,,; (E.) are the interpolated
dosimeter bremsstrahlung cross sections from Table 6 (fourth
column, 1labeled "CRRES"). Note that Eg. (4.2) calculates the
bremsstrahlung response only for electrons >0.30 MeV, and uses the
HEEF SSD electron spectra which may have proton flux contamination.
At very high flux levels the SSDF data (W1F, W2F and S1F) may have
large uncertainties because of large deadtime corrections (see
Sections 3.3 and 3.4).

4.3.2 Comparison of Measured Dosimeter Electron Responses with
Calculations from HEEF Data

The measured dosimeter LOLET (electron channel) count rates
are compared with the calculated count rates using the measured
HEEF electron spectra in Figures 16 to 26 and Figure 29. (Figure
27 is a different pitch angle measurement for the same location as
Figure 26, and there are no dosimeter data for Figure 28 since the
dosimeter was in Cal Mode at that time.) The results are
summarized in Tables 43 to 46 for the four channels E1, E2, E3 and
E4.

The E1 results in Table 43 give two sets of dosimeter response
calculations, one for the El SSD areas and threshold energies of
Table 3, and a second for a modified El electron response, based on
the calibrated data of the D2A electron channel of the PASP Plus
dosimeter (Reference 9). The PASP Plus dosimeter D2A channel has
the same detector size and shield thickness as the CRRES dosimeter
D1 dome. The modified El1 geometric factor for electrons is given
by

Giea (E) = O E/T, < 1
= 7.38 x A, x (1 - T,/E)? 1 s E/T, s 5.449 (4.3)
= 4.92 x A E/T, = 5.449

with A,, = 0.0170 cm?® and T, = 1.20 MeV. The form (4.3) fits the
data of Reference 9 to about +25%. The reason for the difference
between the calibration results of Reference 9 and those in
References 2 and 7 is not clear, but the Reference 2 data were
taken with a comparatively broad energy spread electron beam, and
this combined with a significant bremsstrahlung background from
higher energy electrons may account for the difference.

The results in Table 43 include the bremsstrahlung response,
which is generally less than about 1% for all the spectra listed.
The responses calculated with G¢,(E) from Eq. (2.1) average to a
calculated/measured ratio of 4.88, while the responses using Gg. (E)
from Eq. (4.3) average to 0.456. These results show that the
modified geometric factor (4.3) gives a better agreement between
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the HEEF-calculated responses and the measured dosimeter responses.
Thus the CRRES HEEF data indicate that the Reference 9 calibrations

are more accurate.

Table 44 gives the dosimeter E2 channel comparisons with the
HEEF spectrum calculations. The direct electron response is given
as well as the response which includes the electron bremsstrahlung.
For the dosimeter E2 channel the bremsstrahlung response is
sometimes a significant part of the total flux count rate. The
average calculated/measured response is 1.197 for the electron
response only, and 1.290 for the total (electron + bremsstrahlung)
response. The E2 channel thus shows good agreement with the HEEF
spectrum calculations, although the data in Table 44 show
variations of at least a factor of two from the average.

Table 45 gives the dosimeter E3 channel comparisons with the
HEEF calculations, which 1is essentially all bremsstrahlung
response. The last column gives a required bremsstrahlung response
factor, which would bring the calculated response into agreement
with the measured response. The average calculated/measured
response ratio is 0.205, and the average required bremsstrahlung
factor is 5.49. From Table 6 it can be seen that the Reference 8
bremsstrahlung response calculations for E3 are about 50% larger
than the CRRES values based on Reference 7, which latter are used
in the present calculations, and use of the Reference 8
calculations would give slightly better agreement. Uncertainties
in the calculated dosimeter electron channel bremsstrahlung
responses may thus account for much of the observed disagreement
with the calculations based on the measured HEEF electron spectra.
It should be noted, however, that the present bremsstrahlung
responses are calculated only for electrons above 0.3 MeV using the
HEEF SSD data, and thus an intense flux of lower energy electrons
could account for some of the observed higher E3 count rates.

Table 46 gives the dosimeter E4 channel comparisons with the
HEEF calculations, which is all bremsstrahlung response since HEEF
has no data points above 10 MeV. As for E3 in Table 45, the last
column gives a required bremsstrahlung response factor. The
average calculated/measured response ratio is 0.770, and the
average required bremsstrahlung factor is 1.660, so the HEEF and
dosimeter data are in reasonable agreement. From Table 6, it can
be seen that the Reference 8 bremsstrahlung response calculations
for E4 compared with the CRRES values based on Reference 7 are
about a factor of 2 smaller at 0.3 MeV and about the same at 1 MeV.
Also, the present bremsstrahlung responses are calculated only for
electrons above 0.3 MeV using the HEEF SSD data.

The comparison of the measured dosimeter LOLET (electron - E1,
E2, E3 and E4) channel flux count rates with those calculated from
the measured HEEF electron spectra are in moderate agreement. The
comparisons indicate that the two instruments agree to within about
a factor of two on the electron spectrum. This is within the
uncertainties of the dosimeter electron calibration data and the
calculated bremsstrahlung responses, the uncertainties in the HEEF
geometric factors because of the temperature variations, the use of
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only the 90° pitch angle spectra, and the use of a sum in Eq. (4.1)
for steeply falling spectra.

5. Modification of Backup HEEF

The HEEF SN/1 launched on CRRES provided much useful electron
flux data, but because of the low operating temperature for most of
the spacecraft life the actual geometric factors for the BGO triple
coincidence data were only a few % of the room temperature values.
It would be a significant improvement for HEEF to have a larger
geometric factor at low temperature. Also, data from the inner
belt indicate that penetrating protons are not a problem for the
BGO scintillator, with the background count rates not being a
significant deadtime source, while data in regions of intense
electron flux show that electron bremsstrahlung also is not a
problem for the BGO scintillator, with background count rates not
being a significant deadtime source. Thus, it should be possible
to reduce the sensor mass by removal of some of the tungsten

shielding.

The backup HEEF SN/2 has been modified to deal with the BGO
temperature effects so that it will operate with near constant
triple coincidence efficiency over the range of 30°C to -20°C. The
mass of the HEEF sensor can also be reduced by nearly half by
removing all of the tungsten shielding and replacing it with
aluminum. The FOV collimation for the front solid state detector
(SSDF) can also be improved significantly to reduce the very high
count rates, and resulting severe deadtime effects, measured on
CRRES. These actual, and possible, modifications are discussed
below.

5.1 Modification of BGO Coincidence Pulse Width

The electron spectral detection of HEEF comes from a triple
coincidence between SSDF, SSDB and BGO. To reduce accidental
coincidences to a minimum it is necessary to make the coincidence
resolving time as narrow as possible. For the original HEEF design
the three triple coincidence timing pulses were about 85 ns wide,
with circuits that require about a 20 ns overlap to trigger the
triple coincidence output pulse. This produces a nominal
coincidence time resolution of about 130 ns for any pulse pair.
Timing data taken with HEEF SN/1 are shown in Figure 30, and give
measured FWHM coincidence timing resolutions of 112 ns for
SSDF/SSDB, 103 ns for SSDF/BGO, and 101 ns for SSDB/BGO.

At room temperature {about 20°C) the timing was set with
electrons from a Ru-Rh-106 beta source so that all three pulses
overlap optimally, for a maximum triple coincidence detection
efficiency. At low temperatures the BGO light pulse decay time
increases, and this results in a slight shift of the zero-cross
generated BGO timing pulse. The result, discussed in Reference 5,
is that at low temperature the triple coincidence efficiency

becomes very low (a few % at -10°C). The measured data at low
temperature show that the BGO timing pulse has shifted about 100 ns
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later in time at -20°C. To counter this BGO pulse shift, the BGO
timing pulse was widened to about 160 ns, and the SSDF and SSDB
timing pulses were delayed by about 80 ns. This arrangement allows
for the temperature/time shift of the BGO  timing pulse by
increasing the width of only the BGO timing pulse, thus minimizing
the increase in accidental coincidence count rates.

Timing data taken with the modified HEEF SN/2 are shown in
Figure 31, and give measured FWHM coincidence timing resolutions of
119 ns for SSDF/SSDB, 179 ns for SSDF/BGO, and 175 ns for SSDB/BGO.
Tests with Ru-Rh-106 beta source electrons at +30°C and at -20°C
show that the triple coincidence detection efficiency is nearly the
same at both temperatures. HEEF SN/2 should thus operate reliably
over at least this temperature range. This change should allow for
in-orbit count rates that are at least a factor of 20 greater than
those measured with HEEF SN/1 at -10°C, and there should be no
variation of the geometric factors with temperature.

5.2 Possible Additional Front SSD Shielding and Mass Reduction

HEEF SN/1 in CRRES had measured SSDF count rates of up to 1.5
MHz under the worst case electron flux conditions. This is the
fully corrected input count rate, and under these conditions the
compression counter for the S1F count overflowed about 4 times
during one accumulation period of 0.512 s. Analysis of these data
require careful tracking of the S1F telemetry count to ensure that
the overflows are handled correctly (each overflow adds 32768
counts to the actual telemetry count). The source of the high SSDF
count rate are the lower energy electrons >0.2 MeV, for which SSDF
has a large geometric factor of 0.160 cm® sr. SSDB and the BGO
scintillator have a geometric factor of about 0.012 cm?® sr, with
electron energy thresholds of >0.5 MeV (SSDB) and >0.75 MeV (BGO),
so they have much lower count rates.

The reduction of the SSDF count rate requires the addition of
a longer telescope for the first collimator in the set of three
that define the HEEF acceptance FOV for electrons (the three
tungsten collimators shown in Figure 2). Since electrons scatter
significantly in the SSDs and the entrance Be foil, all three
collimators affect the geometric factor. By moving the outermost
collimator from the present separation of 0.5 inch out to 4.6 inch,
and maintaining the collimator opening edge at an angle of 5° to
the FOV center, it is possible to reduce the SSDF geometric factor
to 0.034 cm?® sr, about a factor of 4.7 reduction. This would
reduce the SSDF geometric factor enough to avoid S1F overflows, and
by reducing the maximum input count rate to about 300 kHz the
deadtime corrections would become much less.

This change would reduce the SSDB and BGO geometric factors to
about 0.007 cm? sr, about a factor of 1.7 reduction, so the
effective electron geometric factor would be reduced slightly.
However, combined with the timing pulse changes of Section 5.1, the
modified HEEF would still have more than a factor of 10 count rate
increase over the bulk of the CRRES data, and without the large
deadtime corrections. Since electrons scatter so much the actual
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Figure 30. HEEF SN/1 Coincidence Timing Data.
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geometric factor change is likely to be slightly different, and the
modified HEEF should be calibrated with electron beams (preferably
at the MIT Van de Graaff, which has proved quite suitable).

Some additional reduction in the SSDF count rate can be made
by interchanging the SSDF and SSDB detector sizes, putting the
smaller detector at the FOV entrance. This would reduce the
(smaller) SSDF count rate by another factor of 2, for a maximum
input count rate of about 150 kHz. This change would require the
interchange of the second and third collimators, but is readily
accomplished with a minimum of complications. The increase in the
area of SSDB would allow slightly more of the very highest energy
electrons near the edge of the FOV to escape from the BGO crystal
sides, but this is a small part of the total geometric factor and

should not be significant.

The range of 10 MeV electrons in aluminum is 0.85 inch, while
the tungsten collimators are 0.2 inch thick. Replacing the
tungsten collimators with aluminum would thus require either
thicker collimator edges, or the use of an inner edge of tungsten.
If the collimators are replaced directly with aluminum the primary
geometric factors would still be valid, but the higher energy
electrons would be degraded in energy when passing through only one
of the collimators, and thus produce a lower energy response. This
is not likely to be a problem for steeply falling spectra (E™° or
so), since the contamination of low energy electrons by high energy
electrons will not be a significant fraction.

Replacing all of the tungsten in the HEEF sensor with aluminum
would reduce the mass from 20.8 lb to about 10.5 lb. Most of the
reduction comes from the shield around the scintillators, and this
has no effect . on the FOV shielding. If the only the scintillator
tungsten shield is replaced with aluminum, then the mass reduction
would be about 7 lbs. Adding a front collimator extension would
add about 0.4 1lb, so the sensor mass could definitely be reduced to
14.2 1b. This change should not cause any significant degradation
in the response to electrons, nor should it significantly increase
the background count rate from high energy protons. Mass
reductions of the HEEF sensor is definitely possible.

6. Summary and Conclusions

The AFGL-701-2/Dosimeter and AFGL-701-4/HEEF on CRRES have
provided over 1000 orbits of radiation belt particle data, over a
period of more than one year. The dosimeter has worked properly
for the entire time period, while HEEF has provided electron flux
data with a reduced geometric factor because of operation at low
temperature. The corrected electron flux data from HEEF are in
reasonable agreement with the dosimeter electron channel count

rates.

74




References

1.

P. R. Morel, F. Hanser, B. Sellers, J. L: Hunerwadel, R.
Cohen, B. D. Kane and B. K. Dichter, "Fabricate, Calibrate and
Test a Dosimeter for Integration into the CRRES Satellite",
GL-TR-89-0152 (April 1989), ADA213812.

B. K. Dichter and F. A. Hanser, "Development and Use of Data
Analysis Procedures for the CRRES Payloads AFGL-701-
2/Dosimeter and AFGL-701-4/Fluxmeter and Application of the
Data Analysis Results to Improve the Static and Dynamic Models
of the Earth’s Radiation Belts", PL-TR-92-2066 (March 1992),
ADA253287.

B. K. Dichter and F. A. Hanser, "Development and Use of Data
Analysis Procedures for the CRRES Payloads AFGL-701-
2/Dosimeter and AFGL-701-4/Fluxmeter and Application of the
Data Analysis Results to Improve the Static and Dynamic Models
of the Earth’s Radiation Belts", GL-TR-89-0284 (October 1989),
ADA2159479.

B. K. Dichter and F. A. Hanser, "Development and Use of Data
Analysis Procedures for the CRRES Payloads AFGL-701-
2/Dosimeter and AFGL-701-4/Fluxmeter and Application of the
Data Analysis Results to Improve the Static and Dynamic Models
of the Earth’s Radiation Belts", PL-TR-91-2186 (July 1991),
ADA241399.

B. K. Dichter and F. A. Hanser, "Development and Use of Data
Analysis Procedures for the CRRES Payloads AFGL-701-
2/Dosimeter and AFGL-701-4/Fluxmeter and Application of the
Data Analysis Results to Improve the Static and Dynamic Models
of the Earth’s Radiation Belts", PL-TR-92-2223 (August 1992),
ADA258710.

M. J. Berger and S. M. Seltzer, "Tables of Energy Losses and
Ranges of Electrons and Positrons", NASA SP-3012 (1964).

M. S. Gussenhoven, E. G. Mullen, R. C. Filz, F. A. Hanser and
K. A. Lynch, "Space Radiation Dosimeter SSJ° for the Block
5D/Flight 7 DMSP Satellite: Calibration and Data
Presentation", AFGL-TR-86-0065 (20 March 1986), Environmental
Research Papers, No. 949, ADA172178.

G. Auchampaugh and T. Cayton, "CRRES Dosimeter Simulations",
Report LA-12511-MS, (UC-000, April 1993).

Quarterly Report No. 4, prepared by Panametrics, Inc. for
Phillips Laboratory, Geophysics Directorate, for Contract No.
F19628-93-C-0151 (PASPANA-QR-4, for the period April 23, 1994
to July 22, 1994).

75




